To meet the most stringent emissions standards such as Super Ultra Low Emission Vehicle (SULEV) in California, substrates with high cell densities and ultra thin foils are needed, mounted in a close-coupled position. A new substrate design has been developed incorporating increased thermal and mechanical load in association with reduced thermal mass and improved heat transfer due to higher cell density. This paper describes the development of the new design using finite element calculation and practical test results from component and engine test benches.
INTRODUCTION
Due to the steadily increasing volume of vehicles, especially in the industrialized nations, a further, disproportionally large reduction of vehicle emissions is necessary to achieve the goal of reducing global emissions. Besides the optimization of engine emissions by means of modern injection and engine management systems as well as variable valve timing, a further increase in catalyst efficiency is necessary to meet the stringent emissions limits of the future. The main issue thereby is the improvement of catalyst heat-up, which is influenced by engine parameters as well as by substrate properties. On the engine side, a steep temperature rise in the exhaust gas is required, in combination with low engine emissions and early lambda-control or secondary air injection. To reduce the amount of energy dissipated through heat losses over the exhaust system, the catalyst has been moved to a position close to the engine exhaust port, often directly connected to the manifold [1] . On the substrate side, higher cell densities in combination with thin walls are used. This increases the geometric surface area (GSA) and therefore the heat and mass transfer and reduces the thermal mass of the substrate [2, 3, 4, 5] . All these measures do not only influence the catalytic efficiency of the substrate, but also its thermal and mechanical load. To maintain the reliability of metal substrates even under these severe circumstances a new catalyst design was developed.
CATALYST LOAD -The catalyst is subject to two primary types of load: First of all the dynamic behavior of the gas temperature generates thermal stress, induced by the temperature field (temperature gradients) in the matrix (catalytic structure) and the resultant differential expansions. The larger the temporal alterations (temperature transients) in the incoming gas temperature, the greater is this load. The second form of load is caused by mechanical vibration. In this case the acceleration of the substrate mass causes a force to be exerted on the connection of the substrate to the exhaust system, particularly on the connection between the matrix foil and the mantle [6, 7, 8] .
Thermal Load -Besides the temperature changes in the exhaust gas flow, which are particularly high in closecoupled applications due to the small distance between the outlet and the catalyst, it is primarily the heat transmission in the matrix and the thermal mass of the substrate that determine the corresponding transients and gradients in the matrix. For high cell density substrates with thin foils, this means more critical boundary conditions in terms of thermal load, since heat transfer is clearly improved by the small channel d iameters. This applies equally for mass transfer, so that a large proportion of the catalytic conversion takes place in the front area of the substrate. This leads on the one hand to a rise in the maximum temperature in the substrate, and on the other to a rise in the transients and gradients in the matrix, particularly in case of impingement by HC peaks. Figures 1+2 show the structure temperatures in substrates with different cell densities and foil thicknesses during the acceleration phase. It is evident on the one hand, that for the high cell density substrate the maximum temperature in the gas entry area is clearly higher, and on the other, that the temperature difference between the center and the edge of the catalyst in the gas outlet area is greater than for low cell density ( Figure 3 ). Mechanical Load -With regard to the construction of a metal substrate, this comprises one or more layered foil stacks. These are rolled up, pressed into the mantle and brazed to it. Every foil stack has a certain number of layers, which, when the thickness of the stack remains constant, is determined solely by the given cell density.
Fig 4 : Winding of foil stacks to a cylindrical matrix
Since every layer is connected at both ends to the mantle, the mechanical load on the point of connection is independent of the number of layers and therefore also independent of the cell density. The same applies for the foil thickness, since the increased load resulting from the higher mass is balanced as a result of the i ncreased cross section of the connection. Thus the only parameters that affect the load on the point of connection are the length of the connection and the thickness of the layered pack in relation to the diameter. For the vibration load it is primarily the magnitude of the excitation that is critical, i.e. the height of the applied acceleration. This depends on the one hand on the engine itself, which is the source of vibration, on the other hand on the coupling of the catalyst to the engine. For close-coupled systems this usually involves a particularly stiff design, as the catalyst is either bolted directly to the manifold or even integrated into it. This leads to catalysts' being subject to markedly higher vibration levels in close-coupled applications than in underfloor applications, where a large proportion of the vibration energy is absorbed by the long exhaust pipe and by intermediate flex joints (Fig 5) . Besides the vibration excitation via the engine, vibration can also be transmitted to the catalyst by the gas flow itself via gas pulsations. As a result of the aforementioned considerations, the thermal load is regarded as being especially critical for high cell density substrates. Investigations were therefore conducted using an axisymmetrical (2D) calculation model, as to how for example different forms of mantle connection affect stress and deformation behavior of the matrix.
Definition of Load Cycle For Catalyst Evaluation
An Engine Thermal Cycling (ETC) test procedure w as chosen as the basis for the calculations and the subsequent trials on the engine test bench. This cycle is characterized by especially high positive and negative transients and maximum temperatures. In addition it has a high vibration load due to the acceleration at full load and the longer constant full load phase. Figure 6 shows a part of the test cycle with gas temperature before the catalyst and engine speed. Individual influences such as vibration and thermal shock can be separately examined on component test benches relatively well. The combined effect of the individual loads results in a special collective load, which can only be tested in its totality in the actual configuration in the engine. Here, other influences such as flow distribution or gas pulsation are added, whose influence can otherwise only be simulated inadequately and with great difficulty. 
BASIC STUDIES ON MANTLE MATRIX CONNECTION

CALCULATION OF THERMAL SHOCK BEHAVIOUR -
The thermal expansion and contraction of the matrix due to the strong temperature transients impose high m echanical stress on the matrix foils in the area of the mantle-matrix connection. These stresses are highly dependent on the relative mantle and matrix stiffnesses and the location of the connection zone. The first step was therefore to examine the influence of the length and location of brazed connections between the mantle and the matrix. An axisymmetrical Finite Element Model w as used for this. As the most important boundary condition, the temperature in different sections of the structure was applied according to the measured values for heatup, constant load and cooldown conditions. This enables to simplify the temporal and spatial changes in temperature without neglecting their most important effects. The matrix structure itself with its flat and corrugated foils has been homogenized (simulated with a matrix brazing only at the inlet cross section). This has the effect that not the local behavior of single foils is displayed, but the global reaction of the complete matrix body to applied loads. Therefore definite trends regarding the behavior of the mantlematrix connection are achievable. Basis are force vs. displacement measurements on complete matrix structures. In combination with temperature-dependent material data of the foil material complete stress-strain-curves for orthotropic, elastoplastic behavior of the h omogenized material can be derived. The simulation of a temperature cycle, see marked area in figure 6 , therefore enables the comparison of different mantle-matrix connections. As a quality factor, not only displacements but also plastic deformations are available.
The following constellations were examined first of all:
1) Mantle/matrix connection along the entire axial length.
2) Mantle/matrix connection in the gas inlet and outlet areas.
3) Mantle/matrix connection in the gas outlet area only. 9 show the deformation of the mantle and matrix during negative thermal shock. In this phase the mantle is at a higher temperature level than the matrix, which yields different strains in radial, tangential and axial directions. This results in a high stress on the connection area, applying a tensile load on the matrix foil. The transition from the brazed to the free area is especially critical. The change in stiffness causes in a strong deformation of the matrix and a marked notch effect at the start of the brazed connection. This effect seems equally characteristic of incompletely brazed versions, while this deformation is not evident in case of complete brazing. However, in this case the large differences in expansion and stiffness for the mantle and the matrix result in high stresses in the matrix itself, which in turn can lead to the failure of the connection.
Depending on design, there are three different theoretical instances of failure:
1) The mantle is the weakest part of the system, which leads to mantle deformation. (Irrelevant for practical constructions)
2) The connection between the mantle and matrix is the weakest part, which leads to mantle-matrix separation.
3) The cohesion of the matrix is the weakest part, which leads to deformation and destruction in the matrix.
Fig 10 : Calculation model
To be able to examine the effect of the different stiffnesses of the individual components as well as the stress distribution within the matrix more precisely, a 3-D calculation model was developed, which shows in d etail the matrix and its links as well as the connection to the mantle (Figure 10 ). Figure 11 shows the time-dependent temperature profile for the matrix and mantle, which forms the basis for the calculations. It is based on the measured temperatures in the ETC test (see section Definition of Load Cycle).
Fig 11 : Temperature profile of matrix and mantle
Figures 12-13 show the influence of different mantle stiffnesses on the deformation within the matrix at the end of the cycle's cooling phase (matrix deformation is shown with an amplification of 20). At this time the differential expansions are at their greatest due to the different temperature levels in the mantle and the matrix, which for stiff mantles results principally in a high load on the outer area of the matrix or on the matrix-mantle connection itself. If on the other hand a soft mantle is used, the load is distributed much more evenly within the matrix. In this case, however, there is a deformation of the mantle, which is caused by the contraction of the matrix. To keep this deformation in an appropriate framework, the mantle should ideally have a defined stiffness which is just as high for no damage to be caused in the matrix (Fig  14) .
Fig 14 : Equilibrium of mantle and matrix forces
But since the mantle on a metal catalyst is part of the canning its rigidity must consequently not fall below a certain level.
LAYOUT OF A NEW FLEXIBLE MANTLE MATRIX JUNCTION -HX-DESIGN
A design was developed that meets the different requirements by using separate construction elements. The matrix is encapsulated by a sort of auxiliary mantle, which is made using a corrugated foil (hereafter referred to as a corrugated mantle). This design permits a defined deformation of the corrugated mantle without any u nwanted crumpling or compression. In addition, the stiffness can be varied very effectively via p arameters such as foil thickness or corrugation shape. These parameters were defined and verified with extensive calculations and experiments on a thermal shock / flow test bench. Encapsulated in this way, the matrix body is now stable within itself, but must still be connected to the mantle. This connection must accomplish two tasks in particular:
1) Axial and radial fixing of the matrix body in the mantle 2) Equalization of differential expansion between the matrix body with the corrugated mantle and the mantle.
To achieve this, a second corrugated foil is inserted (hereafter referred to as a connection element), which is connected alternately to the mantle and the matrix body around the circumference. A number of 'spring' elements is thus formed (Figure 15 ). If a difference in diameter arises between the matrix body and the mantle, this can be equalized by changing the length of the corrugated layer segments between connections without placing any excessive load on the points of connection.
Fig 15 : Principle of the new HX-design
To test the effects of this construction on the matrix stresses and d eformations, an FEM model was constructed with both of these additional elements. The precise construction of the design featuring its different components is shown in Figure 16 .
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Fig 16 : Representation of the HX-design with different components
Figures 17-18 show the different stress distributions in the boundary area for a standard part and for the HX-design. For improved representation, the deformations are shown at an amplification factor of 20. In a similar way to the comparison of soft and stiff mantles, clearly higher stresses can be seen for the standard part in the boundary area of the matrix than in the center. For the HXdesign the stresses are distributed much more evenly over the matrix, and the connection element also moves at a similar stress level. Overall the maximum stresses are much higher for the standard design.
Fig 17 : Calculated matrix stresses with standard design (amplification factor 20 for matrix deformation) Fig 18 : Calculated matrix stresses with HX-design (amplification factor 20 for matrix deformation)
VIBRATION CHARACTERISTICS -Due to the increased excitation levels present in a close-coupled catalyst application, vibration characteristics of a substrate such as oscillation frequency (natural vibration frequency) and damping behavior are of the utmost importance.
Another important issue is the vibration transmission from the mantle to the matrix. Measurements of mantle and matrix vibration made with a laser vibrometer under conditions of excitation of the mantle show the different transmission characteristics of various designs (Fig 19) . For the standard design, the main frequencies visible in the spectral analysis are very similar for both the mantle and the matrix. The oscillation frequency of the matrix can be defined clearly and acceleration amplitudes are significant even at very high frequencies. For the HX-design, using the corrugated mantle and the connecting layer as a damping element, excitation levels a t high frequencies are significantly lower, and the oscillation frequency is not uniquely defined. This is due to friction between the two corrugated layers, which decreases the vibration energy transmitted to the matrix.
Fig 19 : Vibration behavior of standard design and HX-design; frequency spectrum of matrix
GAS FORCES -In addition to the thermal and mechanical loads, gas forces also play an important role for a close-coupled converter. On the one hand, gas pulsation is much stronger due to shorter inlet tube lengths and stronger influence of single cylinder gas flow, especially for catalyst substrates directly welded to the manifold. On the other hand, because of the restricted package space, a uniform flow distribution is difficult to achieve. This can lead to pressure differences and non-uniform temperature distribution over the cross section of the substrate and therefore to additional matrix stresses.
All these factors play an important role for the durability of the catalyst substrate. Each specific or a combination of several influencing variables can be simulated on different component test benches, but for a definite validation of a design for a certain application engine tests are necessary. The following section shows the validation of different design steps and the results for the final design.
DURABILITY TESTING ON ENGINE TEST BENCH
As already mentioned in a previous section, the verification of a catalyst design for a certain application can only be done in the car or on an engine test bench under realistic driving conditions. In this case, the ETC test cycle described above was used in connection with a 3-liter, 6-cylinder engine. The catalyst design tested had a cell density of 1200 cpsi, a foil thickness of 20µm and a mantle/matrix brazing in the gas outlet area only. The tests with the standard design showed that the high stiffness of the 1200cpsi matrix structure in combination with higher temperature gradients leads to high load on the mantle/matrix connection. A certain deformation of the matrix area close to the mantle is visible on the inlet cross section of the catalyst, which results in a small gap between matrix and mantle. This plastic deformation, superimposed with cyclic extension can lead to a separation between the matrix and the mantle.
The part with HX-design was removed from the engine after 100 % ETC test time and showed no visible damage (Fig 20) . There was also no reduction of the matrix diameter visible on the inlet cross section. Other parts were tested over 150 % ETC test time without failure.
Fig 20 : Inlet cross section of HX-part after 100 % ETC
INSULATING PROPERTIES OF THE HX-DESIGN
Besides the effect on mechanical durability, the new mantle/matrix junction also acts as an insulator between the mantle and the matrix. The corrugated layers form a sort of air gap insulation while they are only connected to the mantle over a small section of the circumference. Measurements on a flow test bench, using a defined heating curve, show faster heat up of the matrix and lower heat transmission to the mantle for the HX-design. Fig 21 shows temperatures of the standard substrate and the HX-substrate 10mm behind the front surface in the outer area of the matrix (3mm to the mantle). The time advantage for the HX-part in reaching light-off temperature can clearly be seen. Fig 22 shows the radial temperature distribution 10mm behind the front surface after 25s. The temperatures in the matrix area close to the mantle are up to 50K higher for the HX-part compared to the standard part. 
Standard_10mm
HX_10mm CONCLUSIONS -Future emissions standards like SULEV require exhaust gas aftertreatment systems with e xtremely high e fficiency and long-term durability (>15 years).
High efficiency will be achieved by several measures: reduced raw emissions, increased exhaust gas temperature, close-coupled converter positions and high cell density substrates with reduced thermal mass.
Most of these measures lead to an increase in thermal and mechanical load on the catalyst substrate which can reduce the long-term durability -With the new mantle/matrix junction, the stresses on the matrix foils can be significantly reduced; therefore the use of ultra high cell densities with thin foils is possible even in close-coupled positions under strong thermal and mechanical load.
An additional benefit of the new design is the insulating effect between matrix and mantle, which leads to a faster heat up of the matrix and therefore to improved cold start behavior.
